ABSTRACT We have developed a cell-free system from Escherichia coli for studying illegitimate recombination between nonhomologous DNA molecules. The recombination is stimulated by oxolinic acid, an inhibitor of DNA gyrase. The stimulation is abolished by coumermycin Al and is not found in extracts of nalidixic acid-resistant (gyrA) mutants. We therefore inferred that DNA gyrase directly participates in illegitimate recombination, at least in the presence of oxolinic acid [Ikeda, H., Moriya, K. & Matsumoto, T. (1981) Cold Spring Harbor Symp. Quant. Biol. 45, 399-408]. The structure of recombinant DNA molecules formed in the presence of oxolinic acid from a cross between phage A and plasmid pBR322 DNAs was analyzed by heteroduplex mapping. Among nine isolates tested, two recombinants were formed by the insertion of the plasmid into the A genome. The seven other recombinants had more complicated genome structures. Insertion of pBR322 was accompanied by a deletion on one of the genomes. In all cases, the end points of deletions coincided with one end of the pBR322 insertion. Recombination sites seemed to be distributed randomly on 'the A and pBR322 genomes. Analysis of nucleotide sequences of the recombination junctions proved that the crossover took place between nonhomologous DNA sequences. A model for DNA gyrase-mediated illegitimate recombination is discussed.
Chromosomal rearrangements take place throughout the genomes ofbacteriophages, bacteria, and higher organisms. Tandem duplication appears to be produced by illegitimate recombination between nonhomologous sequences originally present on different DNA molecules (1) . Abnormal excision of A prophage from the bacterial chromosome results in the formation of specialized transducing phage such as Agal and Abio (2) . These recombinations are generally thought to be recombination between nonhomologous regions or very short homologous regions ofDNA. The illegitimate recombination observed in the Escherichia coli system usually takes place independently of bacterial recA function and viral int, xis, and red functions (1, (3) (4) (5) (6) .
We have been working to develop a cell-free illegitimate recombination system ofE. coli and have recently shown that an in vitro packaging system consisting of lysates of induced lysogens is capable ofrecombining two heterologous DNA species (7) . The packaging mixtures contain a large amount of concatemeric A DNA derived from prophage. This A DNA is a good substrate for illegitimate recombination as well as packaging. When a plasmid DNA is incubated with the packaging mixture, the plasmid recombines with the A DNA and is packaged into a A head, resulting in the formation of recombinant phages. Studies with this system showed that oxolinic acid, an inhibitor of DNA gyrase, stimulates recombination, and the stimulation is abolished by coumermycin Al, another type of gyrase inhibitor. We therefore inferred that DNA gyrase directly participates in this recombination (7) . In the present paper, we have studied the structure of A-pBR322 recombinant DNAs (11) . A cd857 Daml5 FIam96B Sam7 red3 b538 and AcI857
Eam4 Sam7 red3 b538 were used for preparation ofa packaging mixture. A imm434 was used for heteroduplex analysis.
Media, Buffer, and Reagents. Media and buffers were described previously (7, 8) . The source and final concentrations of inhibitors used are as follows: ampicillin, 20 ,mg/ml (Banyu Pharmaceutical, Tokyo, Japan); tetracycline (Sigma), 12 ,ug/ ml; oxolinic acid (provided by J. Tomizawa), 50 ,g/ml.
In into E. coli 594 (7) .
For in vitro recombination, pBR322 DNA (1 ug in 10 Al)
carrying the ampicillin resistance (Apr) determinant was incubated in the packaging mixture as described (7) . Nucleic Acid Analysis. Restriction endonuclease analyses were accomplished by standard procedures (12) . Heteroduplex analysis was as described (7) . Measured lengths of DNA were calibrated by the' following intramolecular markers ( to the packaging mixture together with pBR322, the number of plaque formers did not change; however, the frequency of the Apr transducers was about 9-fold higher than that in the absence of the drug.
In three other experiments, we examined this oxolinic acidinduced recombination in packaging mixtures defective in bacterial recA function or viral recombination functions. Oxolinic acid stimulates the recombination in a recA-int-red-packaging mixture, in a b515 b519 xisf packaging mixture, and in a b538 (int deletion) red-packaging mixture to extents similar to the extent in a rec' int' red' xis' mixture (data not shown). These results showed that the recA, int, red, and xis gene products are not necessary for the illegitimate recombination induced by oxolinic acid.
We conclude that the stimulation of recombination by oxolinic acid is reproducible in various packaging systems, and we therefore refer to the recombination occurring in the presence of the drug as "DNA gyrase-mediated recombination."
Heteroduplex Mapping ofthe A b538-pBR322 Recombinant Phages Produced by DNA Gyrase-Mediated Recombination. The structure of the recombinant DNA generated in vitro by DNA gyrase-mediated recombination was examined by isolating Apr transductants formed in the presence of oxolinic acid from the cross between A b538 and pBR322. The transductants were grown and induced by heating at 420C after superinfection with A cI857 Sam7 helper phage. These lysates were tested for frequencies ofApr phages. Among 32 Apr transductants tested, 28 produce high-frequency-transducing (HFT) lysates in which the Apr transducers were 10-1 to 1T-2. We further purified nine Apr phages by CsCl density gradient centrifugation and analyzed their DNA by heteroduplex mapping.
In heteroduplex molecules between A317 recombinant DNA and A imm434 DNA, an insertion loop was observed in addition to the b538 loop and imm434 loop. The length (± SEM) of the single-stranded loop is 9.1 ± 0.3% of a A unit, which corresponds to the size of pBR322. Heteroduplex analysis with A322 recombinant DNA showed an insertion loop corresponding to pBR322, though the point of insertion is different from that in the preceding molecule. Hence these two recombinant DNAs were formed by insertion ofpBR322 monomer into A b538 DNA ( Fig. 1 ).
Heteroduplex molecules between A321 and A imm434 DNA contained a substitution loop. One of the single-stranded parts in the loop had a length of 8.4 ± 0.4% of a A unit, which corresponds to the size of pBR322. Another single-stranded part had a length of 3.8 ± 0.3% of a A unit, which presumably is a deletion of the A genome. Analyses of heteroduplex molecules of recombinants (A291, A296, and A323) showed essentially the same results, except that A291 contains an insertion ofa pBR322 dimer with a deletion of a A segment (Fig. 1) .
Heteroduplex molecules between A319 and A imm434 DNA contained an insertion loop. The length of the loop is 12.0 ± 0.6% ofa A unit, which is 1. (Fig. 1) . A309 was also classified into the same group (Fig. 1 ).
The A316 recombinant contained two pBR322 segments which were inserted and substituted simultaneously at different positions in the A DNA (Fig. 1 ).
We therefore conclude that the recombinant DNA was generated in the presence of oxolinic acid by an insertion or substitution ofpBR322 into A DNA. The substitution recombinants contain a deletion of either A or pBR322 DNA at the point of insertion. The recombination junctions are distributed randomly over the A genome.
Cloning of Recombination Junctions. In order to determine the location and structure of the sites of recombination on pBR322, we have cloned the recombination junctions ofseveral A b538-pBR322 recombinants. A recombinant, A296, has a pBR322 insertion near the R gene of the A genome ( Fig. 1) and shows an Apr and tetracycline resistance (Tetr) phenotype.
From this recombinant, a Cla I restriction fragment that contains the Apr gene and the oni site of pBR322 but not the Tetr gene was isolated as a plasmid. The EcoRI fragment that has the Tetr gene but not the Apr gene was inserted into plasmid pAO3 that had been cleaved with EcoRI. The plasmids were named pHI40 and pHI18, respectively. They were analyzed by restriction enzymes and the physical maps were constructed as shown in Fig. 2 . The results show that they contain recombination junctions. The nucleotide sequences ofthe junctions will be described in the next section.
From of pBR322 were ligated, and isolated as Apr plasmids. Another Apr Tetr recombinant, A233, was cleaved by EcoRI and the EcoRI fragment containing the Tetr gene was inserted into plasmid pAO3 that also had been cleaved by EcoRI. The sites ofthe recombination junctions were mapped by restriction enzymes and are shown in Fig. 3 . The results show that the recombination sites are located at various positions'between the BamHI site and the Pvu II site of pBR322. The localization of the insertion sites to the right side of the circular pBR322 map (Fig.  3) can be explained by the requirement of the recombinant phages for an intact Apr gene because of their selection by ampicillin resistance. The recombinant phages also must contain the ori site because ofthe lack of the attA site (except A233 and A235). There seems to be no preferential recombination site on the pBR322 genome.
Nucleotide Sequences of the Junctions of a Recombinant DNA. The plasmids for sequencing are pHI18 and pHI40, whichcontain the left-hand and right-handjunctions ofthe A296 recombinant. The 1,060-bp Ava II fragment from pHI18 and the 430-bp Hpa II fragment from pHI40 contain the junctions (see Fig. 2 ). These fragments were end-labeled and their sequences were determined by the procedure of Maxam and Gilbert (14) . We also determined the sequence of a part of parental A DNA corresponding to the recombination sites (see Fig. 2 ). Fig. 4a shows the sequences ofthe left-and right-hand junctions that are found in pHI18 and pHI40, respectively. The sequences of the A DNA segment corresponding to the recombination sites and that of pBR322 are also shown (Fig. 4 b and  c) . The structure of the A296 recombinant DNA can be described as follows: There is a long stretch of A DNA sequences from the left cohesive end to bp 46,786. pBR322 sequences then begin atbp 1,823, stretching in an apparently complete genome unit to bp 1,824, where a stretch of A DNA sequences again occurs from bp 47,096 to the right-hand cohesive end (Fig. 4d) .
A deletion of a 309-bp A segment has therefore been detected at the site of the pBR322 insertion. The result shows that the recombination sites of parental A and pBR322 DNA have no homologous sequence. The scheme obtained in Fig. 4 is consistent with the result of heteroduplex mapping of A296 DNA.
DISCUSSION
We have previously shown that oxolinic acid stimulates illegitimate recombination between A and pBR322 DNAs in an E. coli cell-free system and the stimulation is abolished by coumermycin (7) . This result suggests that DNA gyrase directly affects the recombination reaction but does not indirectly affect it by the activity of supercoiling, because both drugs exert inhibitory effects on the supercoiling of DNA (17, 18) . One can hypothesize that these drugs affect the recombination by activities not relating to their effect on DNA gyrase. However, another line of evidence, that the effects of oxolinic acid and coumermycin on the recombination are not observed in the nalidixic acid-resistant (gyrA) and coumermycin-resistant (gyrB) packaging systems, respectively, leads to the conclusion that the targets of these drugs are gyrase A and B proteins. Furthermore, we have observed that a gyrB mutation affects the recombination between A and pBR322 DNAs in vivo (to be published elsewhere).
In the present study, recombinant phages formed in the cellfree system in the presence of oxolinic acid were isolated and analyzed by heteroduplex mapping. We found two types of recombinant DNA, insertion type and substitution type. The former is composed of entire A and pBR322 genomes, suggesting that they were formed by a single reciprocal crossover. The latter class ofrecombinants has a deletion ofa part of A or pBR322 genome at the recombination junctions. Fig. 1 . A233 and A235 were obtained from the cross between A b515 b519 and pBR322 (in the presence of oxolinic acid). As determined by heteroduplex mapping, these recombinants were formed by the substitution of pBR322 dimer. EcoRI fragments that have recombination junctions were cloned by isolating ofthe recombinant DNAs obtained in our system showed, however, that the recombination sites are widely scattered on the pBR322 genome. DNA gyrase in this recombination system may have a substrate specificity different from that ofthe cleavage system of Gellert et al. (19) (Fig. 5b) . The gyrase-DNA complex containing two AB subunits then assembles with another gyrase-DNA complex, forming a tetrameric structure (A4B4) (Fig. 5c ). We assume that the interactions between the four subunits are isologous, so that the dissociation of the tetrameric form to dimeric forms results in the subunit exchange (Fig. 5d) . A typical example of the dimer-tetramer equilibrium has been shown in the case of concanavalin A, one of a group of plant proteins termed lectins (22) (23) (24) . The double-stranded breaks are then sealed upon release of gyrase from DNA, leading to the formation of recombinant DNA. Oxolinic acid presumably has a role in the accumulation of the recombinogenic structures by increasing the half life of the gyrase-DNA complex.
The fact that the four base-staggered ends created by gyrase have many different sequences raises the question that mismatched ends would have difficulty in rejoining themselves. Nevertheless, we can imagine that rejoining between the mismatched ends would be enforced by the putative activities of subunit exchange and resealing harbored on gyrase. Recom- 
